Abstract: Investments in public transit infrastructure in Latin America and the Caribbean often aim to reduce spatial and social inequalities by improving accessibility to jobs and other opportunities for vulnerable populations. One of the central goals of Lima's Bus Rapid Transit (BRT) project was to connect low-income populations living in the peripheries to jobs in the city center, a policy objective that has not yet been evaluated. Building on secondary datasets of employment, household socio-demographics and origin-destination surveys before and after the BRT began operations, this paper examines the contribution of Lima's BRT system to accessibility to employment in the city, particularly for low-income public transit users. We estimated the effects on potential accessibility to employment, comparing impacts on lower versus higher income populations, and assessed the changes in location-based accessibility to employment before (2004) and after implementation (2012) for treatment and comparison groups. We found that the BRT line reduced travel times for commuters to reach jobs, in comparison with traditional public transport in the city. However, the coverage of the BRT declines in areas with high concentrations of poor populations, limiting the equitability of accessibility improvements. The analysis by socioeconomic sub-groups found positive effects of the BRT system on accessibility for the higher income areas. Relative to the control group, accessibility increased in the 10-km boundary area of the BRT by 0.01, a seven percent increase relative to the treatment baseline accessibility index in the higher socioeconomic (SES) areas of the city. In contrast, in the areas with high concentrations of lower SES populations, the double difference estimate indicated an 11 percent decrease relative to the baseline accessibility index (0.09). We build on case-specific findings and international literature to reflect on policy avenues to include the poor in the mobility benefits of BRT systems. These measures include targeted fare subsidies for low-income groups, fare integration with other forms of public transport that reduce the cost of transfers, and the increase of coverage of the BRT through the integration of stations with non-motorized infrastructure.
Introduction
Rapid urbanization in Latin American cities coupled with a fragmented planning and policies to manage such growth has led to several transport development challenges including increased traffic congestion and air pollution, and the proliferation of urban sprawl and informal settlements difficult to serve with public transport systems [1] . The share of the population in Latin America living in urban areas increased from 40% to around 80% from 1950 to 2014 and is expected to increase to 90% by 2050 [1] . Increased demand for centrally located land associated with rapid urbanization has, in-turn, pushed lower income populations to move to the outskirts of cities in search of affordable housing, leading to patterns of urban growth that tends to be sprawling, informal, and lacking in adequate transport infrastructure services. This in turn has led to an increase in both time and monetary costs associated with transportation for the poor.
By being farther from the city center, lower income citizens tend to experience longer travel times due to larger distances to job and other activity centers, poor local coverage of public transport that leads to long walking times to reach bus stops and transit stations, traffic congestion, and more transfers. In addition, these populations often suffer the highest burdens related to negative transport externalities in cities, including higher exposure to pollution and risk of traffic accidents [2, 3] . Together these factors exacerbate the already low level of access to jobs and other economic opportunities and increase social and economic exclusion among the poor.
In this paper, we assess the extent to which Lima's Bus Rapid Transit (BRT) system increased access to employment measuring potential accessibility and the spatial distribution of opportunities in the city. Rapid transit bus systems are often touted as efficient, cost-effective, public transport solutions for cities facing mobility challenges associated with rapid urbanization and motorization, particularly in cities of the Global South [4] [5] [6] [7] . Designed to emulate several features of rail-based systems, BRT systems tend to have significantly lower capital and operating costs and usually have much shorter start-up times on average vis-à-vis rail-based systems [1, [4] [5] [6] [7] . Implemented in various cities across Latin America, searching to restructure transport networks to improve operational inefficiency and address large levels of informality in public transport services, these systems typically aim to increase overall mobility while also reducing negative externalities such as traffic accidents and emissions of local and global pollutants. Additionally, they often seek to improve mobility and access to jobs, goods, and services for the poor [1, 8, 9] .
Reduced travel times to reach destinations as a result of investments in faster and more efficient public transport is theorized to increase access to previously inaccessible job markets for isolated social groups living within the area of influence of the system, thereby increasing the likelihood of formal employment, increased income, and potential accumulation of assets [10, 11] . Although a wide body of research exists surrounding the general impacts of BRT systems, there is little research on the extent to which these systems improve accessibility among low-income populations, and what policy measures are needed to improve the distributional outcomes of such transit investments, particularly in the developing country context. Thus, this study contributes to a gap in the literature on the accessibility benefits of BRT systems for socially vulnerable populations, providing empirical evidence on the case of Lima, Peru, a large and rapidly growing capital city in Latin America. This is the first study to discuss the contributions and limitations of single-corridor investments in the context of high levels of de-regulation and informality of the public transport sector and a lack of a systemic reconfiguration of the public transport supply in the city.
First, utilizing data on employment, socio-economic status, and other demographic variables at the household level before and after the BRT system, we assess the effects on accessibility to employment for lower income groups. We hypothesize that reduced travel times for Lima's urban poor living near BRT stations and feeder lines associated with the project may increase access to a wider array of opportunities and jobs and lead to an overall reduction of generalized costs of travel, which may alleviate time poverty and increase rates of employment amongst those living within the areas of influence of the system. To test this hypothesis, we analyze the spatial distribution of opportunities for employment in Lima and how these patterns are influenced by land-use and other features of the city. Next, we explore the changes in potential accessibility to employment opportunities attributable to the BRT in low-income areas of Lima. Finally, we discuss policies to improve the distributional outcomes, and thus the inclusion of the poor in mobility benefits of BRT system investments by increasing the understanding of factors that contribute or impede access to employment via mass transit. The results of this analysis offer lessons and recommendations for future urban transport projects aimed at improving mobility and accessibility for the urban poor. This research is also relevant in a global policy context in which accessibility has been recognized as an essential part of sustainable and inclusive development, as reflected by the United Nations Sustainable Development Goals for 2030 (11.2) of providing "access to safe, affordable, accessible, and sustainable transport systems for all" with a specific focus on the needs of those in vulnerable situations.
We found that the BRT line reduced travel times to reach jobs amongst populations living within walking distance of the system; however, the limited coverage of the BRT in areas with high concentrations of poor populations led to a concentration of these accessibility benefits to higher income areas. Our scenario analysis of the accessibility gains in the system suggests larger reductions in travel times for longer trips from outlying areas, which are often made by the poor. However, given that the system is the first of several planned lines, it carries a small fraction of the total city's public transit demand, limiting the role of the system in containing an otherwise general increase in travel costs for work trips by public transport over the study period.
The study case of Lima contributes to current debates around the effectiveness of BRT investments with limited scope and social and physical coverage of the system. In contrast to other cases covered in the literature on impacts of BRT systems, such as in Colombian, Brazilian, and Mexican cities, it also provides an analysis of a unique context in which high levels of informal employment and mixed-use of residential land contribute to a more decentralized distribution of economic activities.
This paper is structured as follows. The next section summarizes the literature on (i) issues surrounding poverty and urban transport in the Latin American and Caribbean region, (ii) the concept of and related research on BRT systems, (iii) definitions of accessibility and studies measuring the distributional effects public transit investments (including BRTs) on job accessibility, and (iv) background information about the metropolitan area of Lima and details on the BRT project. Sections 3 and 4 provide details on the data sources and the empirical strategy utilized to estimate the accessibility impacts. Sections 5 and 6 present the results and analysis of the findings and Section 7 concludes with a discussion on the implications and policy recommendations that unfold from the research findings.
Literature Review

Poverty and Urban Transport in the Latin American and Caribbean Region
Economic poverty remains a pressing issue in the Latin America and the Caribbean region. Although over 72 million people in region have transitioned out of poverty and nearly 94 million have joined the middle class, since 2003, 42% of the region's population (140 million) still live in economic poverty, while nearly 67 million people are below the poverty line of US $2.5 per day. In Latin American cities, poverty tends to be concentrated in peripheral areas far from jobs and other economic activities. This spatial segregation of the poor from skill-appropriate job centers has been theorized to decrease the affordability of job search and access, and thus increases unemployment [10] . Reduced access to a wider job market may, in turn, contribute to the persistence of poverty by reinforcing the restrictions on the availability of resources and disposable income for household travel.
People experiencing economic poverty often must make tradeoffs in the allocation of limited disposable income for transport and other essential needs, which can significantly reduce their mobility and accessibility to employment, education, and other relevant social and cultural opportunities [11] [12] [13] [14] . This may hinder their ability to accumulate enough assets to overcome poverty. As low-income populations are often captive users of public transport or rely on non-motorized travel (because of affordability barriers to access transit or private vehicles), travel expenditures can consume 30% or more of daily wages of the poor, adding to the already high travel time costs, which in some cases can exceed two hours [14] .
Higher travel expenditures and long travel times can also often lead to immobility and social exclusion among vulnerable members of poor households, as resources are prioritized to pay for work or income generating trips. For example, while bus users spend on average 58.8 min per trip, car users in the region spend on average 25.5 min per trip [15] . In addition, transit users buying up to 50 tickets per month can spend up to 20% of their income, while car users tend to spend on average below 10% [8] [9] [10] [11] [12] . These longer and more expensive trips can result in time deprivation for opportunities such as higher education, as well as leisure, and in some cases, social interactions [5] . The poor, in fact, tend to sacrifice trips, with the majority in the cities of developing countries making on average between one-fifth and one-third fewer trips per capita than the non-poor [7, 8, 16] . This can reduce available resources among non-working household members for travel, who may also suffer from acute time poverty, since they assume more household responsibilities such as home making and caring for children and the elderly [16] .
Gaps in infrastructure supply and quality can also exasperate the barriers created by spatial gaps between housing and jobs. Although there are approximately 245,000 km of road available for circulation in metropolitan areas of Latin America (17 km/km 2 ), their quality is precarious in most cities [17] . In addition, public transport modes tend to have lower priority in the allocation of road space [17] , with between 98% and 99% of total road space in cities of Latin America being dedicated to private vehicles and scant provision of exclusive roads for pedestrian circulation, which in the region represents only 0.4% of built infrastructure [17] . Higher quality road infrastructure in good condition and preferential pedestrian and cyclist spaces tend to be concentrated in and around the central business districts (CBDs) of different metropolises and higher income neighborhoods, while most of the damaged and unsurfaced roads are in low-income (and often peripheral) areas [17, 18] .
Accessibility: Policy Relevance, Concepts, Measurement, and the Links with Social Exclusion
The new agenda for sustainable development recognizes the transformative role of cities as catalysts for the development of not only more sustainable societies, but ones that can be more inclusive and resilient [19] . Such an agenda does not only recognize the role of cities in human development, but also the role of transport in urban development, social equity, and inclusion. The increasing attention to accessibility and the analysis of transport interventions from this perspective have given rise to new metrics and perspectives of accessibility that highlight that not all people are in the same position to travel and take advantage of the opportunities cities offer for employment, education, leisure, and social interactions [19] . Within this agenda, the term social exclusion, while still heavily reliant on income measures, also acknowledges that there may be other barriers which make it difficult for people to participate fully in society [20] . These barriers may include a lack of employment, suitable housing, education, health care, and transport [13] .
Measuring accessibility can be a key factor in equity analysis, for example when evaluating the distribution of access benefits of new transport systems across income or spatial groups [21] [22] [23] [24] . Its measurement requires robust definitions of accessibly and adequate data to measure the characteristics and expected benefits of such interventions. Definitions of accessibility in the literature vary widely. Nearly all accessibility definitions and measurements consider the potential range of interactions within transportation networks and the spatial and economic constraints of movement within an urban area [25] [26] [27] [28] . Other definitions include the ease of reaching areas of activities within a given transport system, ref. [25] and the overall benefits provided by a given transport system [25] . Hansen [25] was one of the first to look at accessibility as the bridge between transport and land-use. In 1973, Wachs and Kumagai [27] identified the need for accessibility indicators to measure inequalities in physical mobility as major contributors to social and economic inequalities. Finally, recent studies have applied analyses such as Lorenz Curves and the Palma Ratio to accessibility distributions, producing evidence on the gaps between social and economic groups in access to employment and other essential opportunities [29] [30] [31] [32] [33] [34] .
Framing the concept at different scales, from the individual to neighborhoods and communities, van Wee, Geurs and Chorus [35] identify four components of accessibility: land-use, transportation, temporal, and individual. The interaction between these components is argued, in turn, to influence access. For instance, the distribution of activities in space (land-use) is a determining factor in travel demand (transport), and it can also produce time constraints (temporal) and influence people's opportunities (individual). The linkages between better connectivity brought about by investments in transport infrastructure (transport), the subsequent consolidation of land uses, and changes in land market (accessibility surplus), can act together to influence the distribution of activities and travel costs along the land-use, transport, and individual components of accessibility fostering significant changes in access to social and economic opportunities available in cities [35] . The individual component may interact with other determinants of accessibility, in turn, affecting the subjective interpretation and valuation of the variables considered in transport disutility, preferences for activities and the availability of time for specific activities.
Various measures of accessibility have been developed to assess these potential interactions between the cost of travel and opportunities [26] [27] [28] . Infrastructure-related measures link the effects of transport infrastructure and services, considering the coverage of infrastructure, density, and land-use, on the connectivity of people to places and activities [35] . Activity-related measures account for land-uses and the locations of opportunities, estimating the number of activities that can be reached within a given range of travel cost. Gravity measures are a variation of location-based accessibility [36] and are calculated using estimates of generalized costs to travel from origin-zones to all other zones of the area of study, weighting each zone by its overall attractiveness in terms of the number of jobs, stores, schools or other opportunities. Measures of accessibility to employment are significantly affected when competition factors, understood as the matching between abilities, education, and experience between an individual and a given job position, are incorporated in the estimation of accessibility indicators [35] .
Several studies have examined the relationships of transport investments and accessibility with a focus on equity in Latin American cities, finding that transport access is highly unequal among socioeconomic groups [22, 37, 38] . Bocarejo and Oviedo [22] found that for the city of Bogotá, high-income populations had potential access to one or more employment positions per inhabitant at costs equal or below their preferred expenditure, while the poor had access to 0.2 to 0.5 jobs per inhabitant even when expending more than their desired budgets for time and money to invest in transportation. Another study found that low-income homemakers and employed women in Recife, Brazil, walk up to 2 km for accessing shopping, 1.2 km for education, 1.5 km for health care, and 4.3 km for work [36] . In Montevideo, Uruguay, Hernandez and Rossel [38] found that long waiting times for public transport and high tariffs prevent low-income families from accessing adequate health care for their children, and that peripheral households tended to trade-off distance for cost in choosing where to address their health care needs.
BRT: Characteristics and Research on Their Social Benefits
Rapid transit bus systems encompass a variety of operational and infrastructure measures that when well-coordinated, can provide rapid transit service like that of metro systems. Basic elements of a full BRT system include: (i) a dedicated right of way (often aligned in the center of the road), (ii) intersection treatments such as bus signal prioritization and the prohibition of left-hand turns by private vehicles to minimize conflicts with mixed traffic and delays at intersections, and (iii) off-board fare collection systems and level platform boarding, to facilitate boarding, alighting, and access for disabled passengers and passengers with strollers or shopping carts, while also reducing delays associated with on-boarding and off-boarding passengers. They also often utilize modern low-emission vehicles and intelligent transportation systems to reduce pollution, monitor and optimize bus operations, and inform passengers of next bus arrival times [4] .
A common BRT business model used in Latin American and Caribbean (LAC) cities includes three components of publicly managed through public-private partnerships: (i) the infrastructure, (ii) the bus operations, and (iii) the fare collection. These latter two costs are usually paid in-part, or in full, from the tariff revenues generated by the BRT operations [4] . Under this arrangement, the role of the public sector is to ensure that service responds to local objectives and that the private sector has the incentives to improve cost-efficiency and provide high-quality service. Alternative models include those in which the public sector has an increased role or in which services are completely publicly owned and operated. A range of system approaches have been implemented in LAC, from single isolated corridors, to planned incremental reform of the entire system in stages, to large scale reorganization of entire systems at once (Santiago, Chile).
In some cases, in terms of both an infrastructure and operations, BRT systems can achieve significantly improved service quality, and higher average speeds and capacities than conventional bus systems [4] . Average speeds of systems range from 18 to 28 km/hour (compared with 7-14 km/hour for a conventional bus). They also can potentially reduce tailpipe emissions of local and global pollutants when accompanied by appropriately designed fleet modernization programs [2] and to reduce traffic accidents [3] through improvements in street geometry and design (e.g., inclusion of medians that serve as points of pedestrian refuge and reductions in left-hand turns), driver training and monitoring, and improvements to the organization and flow of traffic.
The effects of BRT systems on equity in cities in the global south have been documented in several past studies [12] [13] [14] [39] [40] [41] [42] [43] . The findings in this literature suggest that while the systems often reduce travel times and costs and increase accessibility for low-income groups, the bulk of these benefits are often accrued among the middle class. The benefits to the poor are curtailed by insufficient spatial coverage, as most trunk routes are initially deployed along high-volume corridors in and near city centers, where they tend to serve older, better-off neighborhoods. For example, the first phases of the Masivo Integrado de Occidente (MIO) BRT system of Santiago de Cali (Colombia) covered only 9% of city districts, located mostly in the central parts of the city, and skewing benefits in favor of the middle and upper-middle income groups [42, 43] . In addition, fare policies frequently do not take into consideration affordability of the new systems for lower income groups, and the reorganization of existing transport services and restructuring of routes and fares associated with the implementation of BRT systems can limit the distribution of travel efficiency benefits to lower income households, particularly that these households tend to live in outlying areas with poor quality or no feeder services [15, 39, 42] . These studies have found that the enhancement of pro-poor benefits requires targeted policies such as integration with other transit, targeted fare subsidies, and the provision of affordable housing near stations.
Several studies have estimated impacts of BRT systems on access to work opportunities in Latin American and other cities [11, 30, [44] [45] [46] [47] [48] [49] [50] [51] . These authors estimate the distribution of benefits in terms of the reduction in travel times associated with improved transport systems across different areas in a city and the effects on access of low income or vulnerable populations to employment centers. Other studies have examined how employment outcomes and distance or access to urban transport systems are correlated, finding that proximity to a system is correlated with lower levels of unemployment [44] or with a lower probability of being informally employed [45] . Martinez et al. [46] analyzed the impacts of urban transport systems investments in Lima (i.e., including both a metro line and the BRT trunk), on employment outcomes for women versus men, finding large effects for women, which may be attributed to the greater security women feel while traveling in these improved systems in addition to travel time savings. Scholl et al. [47] study the impact of the BRT system (trunk and feeder lines) on informal employment in Lima, finding positive impacts on labor outcomes concentrated on individuals living close to the trunk line, and no impacts on individuals living in outlying areas served by the feeders. No studies to date have examined the distributional impact of the Lima BRT on accessibility in terms of travel time and costs for lower versus higher income areas.
The Metropolitan Area of Lima and Its BRT System
Lima, the capital of Peru, is one of the fastest growing urban areas in Latin America. Its population of slightly above 9.9 million represents about one-third of the population of the country [1] groups reflects historic development patterns of Lima. New rural migrants typically settled in the urban periphery, while the middle-class and elites moved to the city center [52] . Today, Lima's low-income populations still live mainly in the periphery of the city in the northern and southern cones, while high-income populations are concentrated in the central and south-central areas of the city.
The 2007 Population Census classification system includes five strata of socio-economic status (SES) based upon consumption measures, where populations in stratum A correspond to the highest SES group, and stratum E corresponds to the lowest SES group. For the purposes of this paper, we refer to high-income as strata A and B, and poor and extreme poor as strata D and E, respectively. Forty-two percent of the extreme poor (stratum E) and 19% of the poor population (stratum D) live at least 9 km from the city center. The extreme poor also frequently live in informal settlements characterized by a general lack of infrastructure and public services [51, 52] . Many lower SES neighborhoods are outside the immediate area of coverage of the mass transit lines in the north and west of the city.
Labor informality rates, although declining in recent years, are high in Lima, Peru. In 2014, 11.5 million Peruvians (72.8%) were directly or indirectly involved in informal employment, with 8.8 million (55.9%) working within the informal sector and 2.7 million (17.0%) working as informal workers in the formal sector [51] . Informal workers are defined as: (i) unpaid family workers in firms with less than five employees; (ii) independent workers in the informal sector (running small, non-registered private sector firms); and (iii) dependent workers who work in non-registered (with the tax authority) private sector firms, or whose employers do not contribute to the pension system [51] . A formal firm is defined as firms registered with the tax authority and carry accounting books, or with more than five employees. Informal workers tend to earn lower wages, enjoy fewer employment benefits such as health care and retirement programs, and have lower job stability.
Lower-income groups in the city tend to have longer travel times and higher comparative rates of public transit use. They have lower per capita vehicle ownership rates and make the largest share of their daily trips on foot-28% of trips in stratum D and 35% in stratum E-followed by trips on traditional buses [37] . Public transit services in the traditional system encompass a mix of formal and informal supply. Approximately 30% of public transit services are categorized as informal (or unregulated), which is associated with poor service quality as well as high levels of traffic accidents and air pollution [52] .
Lima's BRT project, "El Metropolitano," was the first line of a city-wide mass transit solution planned for the city. The trunk corridor comprises 28.6 km of segregated busway connecting the northern and southern areas of Lima with the financial district, major universities, and the city's historic downtown [1] . The line also integrates feeder routes that extend up to 14 km and connect the two terminals with the surrounding and primarily low-income neighborhoods in the north and south. Several services including four regular services that stop at each station, eight express, and two super-express services that skip stations via passing lanes to provide faster service between high-demand stations operate via the north-south corridor. In addition, 20 feeder routes originate at each of the two trunk line terminals ( Figure 1 ).
Inaugurated in 2010, the Metropolitano was the first of several Bus Rapid Transit lines planned as part of the Metropolitan Lima Urban Transport Program [1] . This program intended to transform the city's chaotic transport system, by increasing overall mobility, providing an efficient public transport service between the most populous areas of the city to important employment center, and reducing the social and environmental costs of transport. The system operates principally along Avenida Tupac Amaru and along the center of the Via Express highway. With thirty-eight stations spanning 12 Lima districts, it connects lower-income neighborhoods in the northern and southern cones of the city, with the financial district, major universities, and the historic downtown. It also includes several travel-time saving features including 28.6 km of dedicated busway along the trunk (see Figure 1) , level passenger boarding, enabled by raised-platform buses, pre-boarding fare collection, an electronic card payment system, and high-capacity articulated buses. . This program intended to transform the city's chaotic transport system, by increasing overall mobility, providing an efficient public transport service between the most populous areas of the city to important employment center, and reducing the social and environmental costs of transport. The system operates principally along Avenida Tupac Amaru and along the center of the Via Express highway. With thirty-eight stations spanning 12 Lima districts, it connects lower-income neighborhoods in the northern and southern cones of the city, with the financial district, major universities, and the historic downtown. It also includes several travel-time saving features including 28.6 km of dedicated busway along the trunk (see Figure 1 ), level passenger boarding, enabled by raised-platform buses, pre-boarding fare collection, an electronic card payment system, and high-capacity articulated buses.
In addition to reducing travel times along the corridor, one of the key objectives of the project was to connect low-income populations living in the far-flung outreaches of the sprawling and congested metropolitan area to jobs in the center. Prior to the opening of the line, the corridor, and city was plagued by an oversupply of polluting and unregulated minivan transit providers, leading to lengthy commutes of up to 2 hours in each direction for those living in the periphery. Travel time savings of the system were significant, with the average trip time from one end of the trunk line to from an average 55 min to 35 min along the BRT trunk corridor [1] . Although prior research on the system has found that the system carries a fair number of lower income groups, coverage in areas in extreme poverty is limited. Nevertheless, the poor and extreme poor tend to use the system for longer trips and to reach work or education.
The system opened with only 22% of the planned articulated buses and five feeder routes in operation due in part to low demand and unfinished infrastructure [39, 53] . A year and half later (mid-2012), only 64% of the trunk line fleet was operating. Reforms that impacted service quality and demand, such as the reorganization of existing bus routes and removing direct competitors from the corridor were also significantly delayed. Moreover, the tariff policy was restructured several times to attract more demand from the feeder areas. In addition to reducing travel times along the corridor, one of the key objectives of the project was to connect low-income populations living in the far-flung outreaches of the sprawling and congested metropolitan area to jobs in the center. Prior to the opening of the line, the corridor, and city was plagued by an oversupply of polluting and unregulated minivan transit providers, leading to lengthy commutes of up to 2 h in each direction for those living in the periphery. Travel time savings of the system were significant, with the average trip time from one end of the trunk line to from an average 55 min to 35 min along the BRT trunk corridor [1] . Although prior research on the system has found that the system carries a fair number of lower income groups, coverage in areas in extreme poverty is limited. Nevertheless, the poor and extreme poor tend to use the system for longer trips and to reach work or education.
The system opened with only 22% of the planned articulated buses and five feeder routes in operation due in part to low demand and unfinished infrastructure [39, 53] . A year and half later (mid-2012), only 64% of the trunk line fleet was operating. Reforms that impacted service quality and demand, such as the reorganization of existing bus routes and removing direct competitors from the corridor were also significantly delayed. Moreover, the tariff policy was restructured several times to attract more demand from the feeder areas.
Despite the initial implementation challenges, the system has improved over time, expanding the fleet of buses and the number of feeder lines and seeing substantial corresponding increases in passenger demand. Ridership grew from just under 200,000 passengers per day in the first year to over 600,000 per day in 2016 [39] . By 2013 it also achieved its design goal of 60% of ridership of lower and middle socioeconomic strata; however, the share of ridership by poor and very poor (43%) people is lower than that from the middle class (57%). Although usage by the extreme poor is lower than the poor and middle class, a recent study of the system found that BRT is much more likely (12.4 percentage points more) to be used among lower income groups when making a trip for work or education purposes, indicating that users are willing to pay more for income (or future income) generating trips.
Data
We estimate the impacts of BRT systems on access to work utilizing available data on economic activities, socio-economic status, and other demographic variables at the household level or at the smallest geographic level available before and after the BRT system. We utilize data from the 2004 and 2012 Lima Metropolitan travel surveys [49, 50] , which includes geo-referencing coordinates on the location of surveyed households which allows the estimation of the distance of households to the nearest BRT station, and the 2008 Economic Census from the National Institute of Statistics and Information (INEI, in its Spanish Acronym), which contains information on 1.43 million jobs in Lima, distributed in over 358,000 (formal) firms. According to the INEI, the Economic Census only accounts for formally constituted firms. Databases of informal employment were not available at a representative scale for the city level.
The travel survey data include detailed household surveys on household characteristics, travel patterns, including stated travel times and monetary costs, employment status in 2004, before the BRT for the Lima-Callao Metropolitan area, and after the BRT began operating (July of 2010). Data from the economic census enable a general analysis of the spatial distribution of the formal job market in Lima, which will be used as a proxy for the distribution of the overall employment supply. Although data on informal job locations are not available, it may serve as a proxy for informal activities, as the literature suggests a high correlation between locations of informal activities and large clusters of formal opportunities [51] . As job location information is available only for the year 2008, an analysis of the evolution of the job market throughout Lima is not possible. Finally, we map the locations of opportunities and services in the city relative to housing locations using geocoded data from Lima's Plan Metropolitano para Lima y el Callao-PLAM-2035.
Methodology
We used a three-step method to measure accessibility changes associated with the BRT investment in Lima that included the characterization of individuals and opportunities, and an estimation of potential accessibility. First, to examine how the configuration of land-use and transportation infrastructure in Lima impact accessibility, we conducted a spatial analysis of the coverage of employment as a percentage of the total land-use areas in the city within four catchment areas of the BRT. Utilizing the 2008 economic census, we produced a heatmap showing the geographic clustering of job concentrations in Lima (400 jobs or more). Four buffers were defined for this analysis to have a better understanding of land-use changes with increasing distances from the mass transit lines. The defined distances are 500 m (equivalent to approximately 5-10 min walking), 1000 m, and 1500 m (equivalent to 15-20 min walking).
Next, the impacts of the BRT on accessibility to employment for socially and transport-disadvantaged groups compared to non-disadvantaged groups were estimated. Specifically, two approaches for the estimation of location-based accessibility to employment were considered: distance decay function and potential (gravity) accessibility. As the research was concerned with the evolution of accessibility to employment attributable to the Metropolitano, indicators were estimated and compared between two years (2004 and 2012) and between control and treatment groups.
Our accessibility measure was based upon an origin-based distance decay function, following the approach suggested by Bocarejo and Oviedo [22] . This method considers the distance to jobs, weighted by the attributes of a location-in this case measured in terms of their supply of opportunities-and estimates the potential accessibility to opportunities from a zone (i) to all other areas (j), considering that fewer or farther opportunities are less attractive or more difficult to reach. We compared the measure in areas with and without access to the Metropolitano and control for changes in travel patterns, economic growth, and spatial re-configuration of opportunities by maintaining employment constant in the baseline year and assessing only those trips for which there was information before and after implementation of the system. Treatment areas are defined as areas within 1000 m and 1500 m, approximately 15-20 min walking distance, of the BRT system. Our analysis of the 2012 travel survey data walk access times showed that 99% of passengers walk no more than 20 min and 90% walk 12 min or less to reach the BRT system. The coverage areas for determining groups of treatment and control were not only consistent with observed walking patterns for accessing public transport but were consistent with spatial disaggregation of the household travel survey for Lima, which allows to geolocate each data point selected for the analysis. This controls for the consistency between the buffers and size of aggregated zoning in traditional household travel surveys. The accessibility indicator for public transit trips for a given area, where accessibility increases in direct proportion to the number of opportunities and decays exponentially with generalized travel costs to reach those opportunities, is as follows [22] : 
We estimated the β i m parameters for the accessibility measure, Equation (1), for each year (before and after the BRT was implemented) in the treatment and control areas by regressing the log of accessibility impedance as expressed by the left-hand side of Equation (3), for work trips using public transit [30] on generalized travel costs:
Employment opportunities (O j ) in each traffic analysis zone were held constant (in 2008) to control for potential changes in the job market in Lima and the accessibility index was divided by population of the origin zone to compare the relative difference in accessibility between different zones of the city or specific social groups. This normalization improves the comparability of accessibility figures, as even relatively large absolute numbers of potentially accessible opportunities in relation to the rest of the city may be lower than the actual demand in a given zone for activities such as working and studying and can be an indicator of accessibility deficits.
Only data on trips for which there was information before and after implementation of the system were used. Differences in estimates were compared among lower and higher socio-economic groups before and after the system's implementation. Treatment areas included all data points for the Japan International Cooperation Agency (JICA) databases located between 0 and 1000 m from the Metropolitano trunk stations or feeder lines. We assigned to the control areas all data points in the travel survey (JICA) databases that fell between 1500 and 5000 m from the BRT (Figure 2 ). Low-SES areas in the data source were identified by cross-referencing the geo-referenced data of the travel survey with the shapefile of socioeconomic strata by census block from INEI. Low-SES were those households that fell within a census block with a stratum of D or E.
system (Figure 2) . Low-SES areas in the data source were identified by cross-referencing the geo-referenced data of the travel survey with the shapefile of socioeconomic strata by census block from INEI. Low-SES were those households that fell within a census block with a stratum of D or E. The estimates of the impedance parameters were applied to the travel costs in the same origindestination pairs for work trips by public transit in the JICA databases for 2004 and 2012 for treatment and control groups. The impedance parameters for treatment and control groups differed by 4%, showing a marginally higher negative effect of changes in the generalized cost of travel in the control group. This is coherent with previous studies that suggest better-off areas tend to have a lower marginal response to changes in travel costs, either due to higher purchasing power or to closer proximity to job centers [30, 31, [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] .
Because of differences in the sample size for the JICA survey between the two years, the number of common origin-destination (O-D) pairs available for the accessibility estimations was reduced in comparison with the original sample used for the ordinary least squares (OLS) regression used to estimate baseline accessibility parameters. Recall that the accessibility index is an exponential combination of travel costs and system demand, and therefore, cannot be scaled up linearly to project changes for a doubling of ridership. The estimates of the impedance parameters were applied to the travel costs in the same origin-destination pairs for work trips by public transit in the JICA databases for 2004 and 2012 for treatment and control groups. The impedance parameters for treatment and control groups differed by 4%, showing a marginally higher negative effect of changes in the generalized cost of travel in the control group. This is coherent with previous studies that suggest better-off areas tend to have a lower marginal response to changes in travel costs, either due to higher purchasing power or to closer proximity to job centers [30, 31, [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] .
Because of differences in the sample size for the JICA survey between the two years, the number of common origin-destination (O-D) pairs available for the accessibility estimations was reduced in comparison with the original sample used for the ordinary least squares (OLS) regression used to estimate baseline accessibility parameters. Recall that the accessibility index is an exponential combination of travel costs and system demand, and therefore, cannot be scaled up linearly to project changes for a doubling of ridership. However, we estimated a scenario where public transport trips between origin-destination pairs were served by Metropolitano in the database, with the assumption that riders within the area of influence of the system chose the BRT over other forms of public transport.
More specifically, to isolate the effects of the Metropolitano on travel conditions, we carried out an additional analysis comparing only the O-D pairs in 2004 with those with trips involving Metropolitano in 2012. This comparison leads to an analysis of travel conditions to the same destinations, allowing us to compare access characteristics between BRT users and non-users to the same opportunities. The number of common origin-destination pairs available for the accessibility estimations in the Metropolitano-only scenario was reduced to 224 O-D pairs for the treatment group and 154 O-D pairs for the control group. Travel costs and times in Metropolitano between origins and destinations were replaced for trips covering the same pairs by other forms of public transport. For instance, travel costs of trips in the treatment and control groups closer to the feeder cones would incorporate the additional resources and time required to transfer from feeder to trunk services. Figure 1 shows that most of the low-income population in the area of influence of the BRT were only covered by its feeder lines, while a large share of poorer neighborhoods farther from the city center had no access to the system (Figure 1 ). In 2013, 7.6% of the population was classified as stratum E (roughly half the share in 2007 of 16.4%), 30.3% stratum D (compared with 34% in 2007), 38.4% stratum C, 18.5% stratum B, and 5.2% stratum A. Some of the highest concentrations of the population from Strata D and E are in the districts of Puente Piedra, Comas, and Carabayllo in the north; Villa El Salvador, Villa María del Triunfo, Lurín, and Pachacamác in the south; Ate and Lurigancho to the east; and Callao to the west. Also notable is a consistent increase in poorer residents in areas far from concentrations of productive land. Figure 3 shows the distribution of employment in Lima and a heatmap of large job suppliers (400 jobs or more) throughout the city. Most of the job supply in the city is provided by small businesses distributed throughout the city (consistent with a land-use pattern dominated by mixed housing), with larger employers (400 jobs or more) located in areas with high concentrations of industrial land-use and pockets of large businesses along some of the main transportation links in the city.
Results
Employment Access
an additional analysis comparing only the O-D pairs in 2004 with those with trips involving Metropolitano in 2012. This comparison leads to an analysis of travel conditions to the same destinations, allowing us to compare access characteristics between BRT users and non-users to the same opportunities. The number of common origin-destination pairs available for the accessibility estimations in the Metropolitano-only scenario was reduced to 224 O-D pairs for the treatment group and 154 O-D pairs for the control group. Travel costs and times in Metropolitano between origins and destinations were replaced for trips covering the same pairs by other forms of public transport. For instance, travel costs of trips in the treatment and control groups closer to the feeder cones would incorporate the additional resources and time required to transfer from feeder to trunk services. Figure 1 shows that most of the low-income population in the area of influence of the BRT were only covered by its feeder lines, while a large share of poorer neighborhoods farther from the city center had no access to the system (Figure 1 ). In 2013, 7.6% of the population was classified as stratum E (roughly half the share in 2007 of 16.4%), 30.3% stratum D (compared with 34% in 2007), 38.4% stratum C, 18.5% stratum B, and 5.2% stratum A. Some of the highest concentrations of the population from Strata D and E are in the districts of Puente Piedra, Comas, and Carabayllo in the north; Villa El Salvador, Villa María del Triunfo, Lurín, and Pachacamác in the south; Ate and Lurigancho to the east; and Callao to the west. Also notable is a consistent increase in poorer residents in areas far from concentrations of productive land. Figure 3 shows the distribution of employment in Lima and a heatmap of large job suppliers (400 jobs or more) throughout the city. Most of the job supply in the city is provided by small businesses distributed throughout the city (consistent with a land-use pattern dominated by mixed housing), with larger employers (400 jobs or more) located in areas with high concentrations of industrial land-use and pockets of large businesses along some of the main transportation links in the city. Over half (54%) of jobs were concentrated in middle to high-income areas, or middle to upper socioeconomic status (strata B and C), while 19% were in areas characterized as lower income (stratum D), 25% in predominately extremely poor areas (stratum E), and 2% in wealthier areas (stratum A).
Results
Employment Access
The heatmap analysis of employment distribution in the city is consistent with the analysis of land-use in the city discussed above (See Figure 4) . The 1500 m catchment area around the Metropolitano network, which covers approximately 35 percent of total land surface area in Lima, encompasses many of Lima's employment hotspots, providing connectivity to nearly 80% of formal jobs in the INEI's economic census (2008) within 1500 m of its trunk stations and feeder routes. The trunk-line stations alone cover 60% of employment within the buffer (see Figure 5 ). The close links between coverage of the BRT system and the main employment clusters in Lima point towards potential positive effects in access to employment for public transit users living near the system. This may also reinforce already consolidated high-value areas in the city, contributing to centralization of economic opportunities and increase in land values around the BRT stations. This analysis of the BRT's impact on access to jobs has two limitations. As information is available only for the year 2008, a detailed analysis of the evolution of the job market throughout Lima was not possible for this paper. In addition, data on information that would enable the analysis of the skills and training requirements for formal jobs within the system's catchment and potential (mis-)matches with skills and training of people in strata D and E was not available.
The heatmap analysis of employment distribution in the city is consistent with the analysis of land-use in the city discussed above (See Figure 4) . The 1500 m catchment area around the Metropolitano network, which covers approximately 35 percent of total land surface area in Lima, encompasses many of Lima's employment hotspots, providing connectivity to nearly 80% of formal jobs in the INEI's economic census (2008) within 1500 m of its trunk stations and feeder routes. The trunk-line stations alone cover 60% of employment within the buffer (see Figure 5 ). The close links between coverage of the BRT system and the main employment clusters in Lima point towards potential positive effects in access to employment for public transit users living near the system. This may also reinforce already consolidated high-value areas in the city, contributing to centralization of economic opportunities and increase in land values around the BRT stations. This analysis of the BRT's impact on access to jobs has two limitations. As information is available only for the year 2008, a detailed analysis of the evolution of the job market throughout Lima was not possible for this paper. In addition, data on information that would enable the analysis of the skills and training requirements for formal jobs within the system's catchment and potential (mis-)matches with skills and training of people in strata D and E was not available. Table 1 shows summary statistics of work-related trips in public transit in 2004, six years prior to the opening of the BRT line. Work trips within walking distance to the BRT (or the treatment area) were characterized by lower average travel times but higher monetary costs in comparison with both the city's average and that of trips originating from the control areas, implying increased access (in terms of travel times) to employment in the treatment group before implementation of the Metropolitano. However, higher monetary costs may indicate an increased willingness to trade-off Table 1 shows summary statistics of work-related trips in public transit in 2004, six years prior to the opening of the BRT line. Work trips within walking distance to the BRT (or the treatment area) were characterized by lower average travel times but higher monetary costs in comparison with both the city's average and that of trips originating from the control areas, implying increased access (in terms of travel times) to employment in the treatment group before implementation of the Metropolitano. However, higher monetary costs may indicate an increased willingness to trade-off economic costs for shorter travel times and be related to the clustering of more formal jobs close to major transportation infrastructure. The scatter plot of estimated accessibility index and generalized travel costs for each origin-destination pair in the baseline year (2004) reveals a curve that is consistent with distance decay functions found in previous studies on the subject (Figure 6 ). We next regressed the ratio of job-related trips to total jobs on the generalized travel cost for work trips by public transit in the baseline year as discussed above. The estimate of the parameter (−1.025) on general travel cost was statistically significant at the 1% level ( Figure 7 ). This initial estimation, although not used for the accessibility analysis between groups of analysis, is a relevant first step in determining the appropriateness of the distance decay function for representing Lima's conditions. Moreover, the model estimate had high explanatory power (R 2 = 0.72). The scatter plot of estimated accessibility index and generalized travel costs for each origindestination pair in the baseline year (2004) reveals a curve that is consistent with distance decay functions found in previous studies on the subject (Figure 6 ). We next regressed the ratio of jobrelated trips to total jobs on the generalized travel cost for work trips by public transit in the baseline year as discussed above. The estimate of the parameter (−1.025) on general travel cost was statistically significant at the 1% level ( Figure 7 ). This initial estimation, although not used for the accessibility analysis between groups of analysis, is a relevant first step in determining the appropriateness of the distance decay function for representing Lima's conditions. Moreover, the model estimate had high explanatory power (R 2 = 0.72). Baseline information for Lima was also used to identify general accessibility patterns by socioeconomic stratum before the project. Strata D and E had higher generalized costs and lower accessibility indices, while mid-strata, such as C, had lower travel costs and comparatively higher accessibility indices ( Figure 6 ). Conversely, data points with higher values of accessibility correspond primarily to more well-off socio-economic groups, strata A and B. These observed accessibility indices show a consistent tendency with past studies-that lower income groups tend to have higher travel expenditure and lower accessibility indices [22, 30, 57, 58] .
Accessibility Analysis Results
Comparisons of the estimates of accessibility curves by treatment and control groups showed a steeper curve in the control group, and thus more dramatic changes in accessibility with smaller changes in travel costs. Conceptually, Figure 6 shows that higher travel costs imply lower accessibility levels and that there were high correlations between income, travel expenditure, and location relative to centers of employment. The two groups showed a similar distribution of travel costs and observed ratios of jobs accessed to jobs offered at different destination zones, with slightly higher mean generalized travel costs in the treatment group (8% higher) and no significantly different accessibility indices ( Table 2 ). The general trends observable in both groups were consistent with the patterns observed in the aggregated sample and the literature (see References [14, 30, 41] ). The impedance parameters for treatment and control groups differed by 4%, showing a marginally higher negative effect of changes in the generalized cost of travel in the control group. Baseline information for Lima was also used to identify general accessibility patterns by socioeconomic stratum before the project. Strata D and E had higher generalized costs and lower accessibility indices, while mid-strata, such as C, had lower travel costs and comparatively higher accessibility indices ( Figure 6 ). Conversely, data points with higher values of accessibility correspond primarily to more well-off socio-economic groups, strata A and B. These observed accessibility indices show a consistent tendency with past studies-that lower income groups tend to have higher travel expenditure and lower accessibility indices [22, 30, 57, 58] .
Comparisons of the estimates of accessibility curves by treatment and control groups showed a steeper curve in the control group, and thus more dramatic changes in accessibility with smaller changes in travel costs. Conceptually, Figure 6 shows that higher travel costs imply lower accessibility levels and that there were high correlations between income, travel expenditure, and location relative to centers of employment. The two groups showed a similar distribution of travel costs and observed ratios of jobs accessed to jobs offered at different destination zones, with slightly higher mean generalized travel costs in the treatment group (8% higher) and no significantly different accessibility indices ( Table 2 ). The general trends observable in both groups were consistent with the patterns observed in the aggregated sample and the literature (see References [14, 30, 41] ). The impedance parameters for treatment and control groups differed by 4%, showing a marginally higher negative effect of changes in the generalized cost of travel in the control group. This is coherent with previous studies that suggest better-off areas tend to have a lower marginal response to changes in travel costs, either due to higher purchasing power or to closer proximity to job centers [30, 41, 56] . Tables 3 and 4 show tests of differences in mean travel costs and time between income levels and year for the control and treatment groups for work trips. Work trips via public transit in the treatment area in the year 2004, prior to the BRT line opening, were slightly shorter but more expensive in comparison with those originating from the control area. The share of users of the Metropolitano in the sample was comparatively low compared with other public transit alternatives in the year of the survey. According to the JICA survey for 2012, the BRT accounted only for 3.6% of trips in public transport and 2.7% of all trips in the city; however, since the treatment and control groups were much closer to the area of influence of the BRT, the percentage of trips in Metropolitano was comparatively higher in the study sample. In the treatment group, out of the total number of work trips by public transit, over 9% involved the Metropolitano in at least one stage of the trip, while in the control group only 5% of work trips involved the BRT in combination with other forms of public transport. Increases in travel costs and times were observed in both the treatment and control areas. Most of the increase was related to increases in the economic costs between 2004 and 2012. Travel times increased slightly, but insignificantly for the lower income group, and more markedly amongst the higher income group, particularly in the control area. The marginal changes in reported travel times in the JICA survey of 2012 compared to those in 2004 suggest there have not been significant changes in travel conditions by public transport (Table 3 ). In addition, statistically significant differences were only detectable amongst the higher income group. Increases in traffic and other network-related variables not measured in this study may have dampened gains in travel time associated with the introduction of the Metropolitano. This is likely compounded by the small percentage of the demand being served by the system in 2012, as mentioned above.
After the introduction of the Metropolitano, the largest percentage increase in monetary costs amongst those in the treatment area were incurred by higher income public transport users. Reported costs increased by 0.71 PNS, or 27% in 2012 relative to 2004 for this group (Table 4 ). In comparison, higher income transit users in the control group saw a rise of 8.8% in monetary expenditures. In contrast, although lower income groups paid more overall in monetary expenditures for work trips in public transit compared to the higher income groups, for the low-income treatment groups monetary costs increased (by 13.9%), but considerably less in percentage terms, than among those in the control area, who experienced a much larger percentage increase (26.2%) in travel costs. The costs presented in Table 5 are those reported by survey respondents in the JICA database for the two years of analysis. This could be attributable to the fare structure of the Metropolitano compared to other forms of public transport in Lima. The Metropolitano has a higher fare for the trunk services than other forms of public transport, although the integrated fare when using the feeder routes in combination with the trunk is comparatively cheaper than two or more transfers in traditional public transit. In addition, the introduction of the system led to the restructuring of some public transport routes, which may have led to some lower-income users of traditional public transport to require more transfers for longer trips, hence, increasing the travel costs, particularly for those in the control areas where public transit services charge by trip distance. However, the restructuring of the competing informal operators was delayed for political reasons and took place gradually over time, and therefore, impacts on transfers may not have been significant in 2012.
As shown in Table 5 , baseline accessibility indices were highly similar in the treatment and control groups. The accessibility indices decreased in both the treatment and control areas and for both SES groups over the study period. The high-SES subgroup experienced a larger and statistically significant decrease in accessibility overall compared to lower SES populations, however, it declined substantially less, by 22 percent, in the treatment area than in the control, where it declined by 29 percent. Overall, the BRT appears to have counteracted declines in accessibility among higher SES transit users living within 1 km of the system.
The combined effect of both longer and more expensive work trips in 2012 in comparison with the baseline led to a decrease in potential accessibility to jobs in both the treatment and control areas and for both SES groups. The changes in accessibility can be attributed primarily to increases in monetary travel costs; travel time in the two periods of analysis increased only slightly, while monetary travel costs increased more dramatically ( Table 5 ). The t-tests of differences in mean accessibility indices showed that higher SES transit users in the control group experienced the highest accessibility losses (29%); in comparison, accessibility declined by 22 percent for the same SES group in the treatment group. In contrast, the lower SES groups in the control area experienced the lowest loss of accessibility (15%), while in the treatment area, accessibility declined even more significantly by 19%.
The analysis of differences-in-differences within SES sub-groups suggests a positive effect of the Metropolitano in potential accessibility in the higher SES group. Relative to the control group, accessibility increased in the 1-km boundary area of the BRT by 0.01, a 7% increase relative to the treatment baseline accessibility index. In other words, while accessibility declined, it declined seven percent less so in the area of the BRT area of influence compared to the control group. In contrast, in the lower-SES group, the double difference was −0.01, representing an 11% decrease in accessibility relative to the baseline index of 0.09 in the treatment area. Statistical power was higher for the higher income sub-groups, as they represent a larger percentage of the sample (81% in treatment and 85% in control). However, as shown in Table 5 , these results were not statistically significant.
Examining the changes in travel time in the treatment versus control groups among lower SES commuters, the results appear to be driven by larger increases in travel times in the treatment area versus the control areas. Increases in travel times for the poor within the treatment area could be related to lower BRT ridership among the poor as found in a prior study [38] . Longer travel times could also be related to the restructuring of traditional bus operators in the area of influence of the system. Such restructuring of routes of the traditional transit operators could imply longer travel times for the same trips. In addition, since the tariff was not yet integrated at the time of the survey, it would be more expensive for a lower SES rider coming from the periphery to a feeder and trunk trip, relative to a trip on a traditional public transit mode, potentially discouraging low-SES riders from using the system and a continued reliance on competing modes. Moreover, as the coverage of the system has higher coverage for the transport analysis zones (TAZs) characterized as primarily middle class (stratum C) and above, it provides connectivity to employment hotspots, and has higher tariffs that can be better absorbed by populations with higher purchasing power.
Despite overall increases in travel expenditure, the results imply improved accessibility for higher SES TAZs in the treatment zones than for those of poorer strata in the same group, calling into question the contribution of the Metropolitano to the mobility and inclusion of the poor at the time of the survey. Although these results should be interpreted with caution as at the time of the survey the system had not yet reached its projected ridership levels, had fewer feeders and trunk line buses in operation than planned, and had a tariff structure that made the feeder system considerably more expensive than it is today.
The results suggest changes in travel conditions for the groups in the area of influence of the Metropolitano did not have a positive effect on accessibility compared to the baseline year for lower income groups, at least in the year 2012. These results are influenced not only by the changes in travel attributes, but the elasticities of different SES groups to changes in both time and cost. The estimation of the generalized travel costs reflects that time has a different negative effect over accessibility for different socio demographic groups, with higher-income users being those that experience higher reductions in accessibility due to higher travel times, which is consistent with previous research (see References [27, 31, 42] ). Both the aggregated and disaggregated accessibility estimations reflect variations in socioeconomic characteristics and the relative weight of travel time in the impedance function. In general, households living in areas closer to the trunk line of the Metropolitano near the city center tend to be within the higher socioeconomic stratum. Higher SES travelers tend to have less tolerance for longer travel times and higher willingness to pay economically to reduce travel duration, compared to lower-SES groups, and therefore, are usually more likely to benefit more directly from investments in mass transit systems, where speed and efficiency are relevant design features. However, in the case of the Lima BRT, although trips within the system saved time, these benefits seem to be outweighed by the increase in costs and travel times associated with the rise in congestion and waiting times for other modes.
These findings can also be partly explained by a limited share of the transport demand under study served by the BRT system. As ridership was less than half of what was projected and half the ridership in 2016 (over 600,000 per day), in the initial stages of the system's operation, the Metropolitano seems to have played a palliative rather than transformative role in reducing the travel costs to work of transit users within its area of influence by the year (2012) of the travel survey used for this study. However, it is important to note that 2012 may be too early to detect the full impacts. The Metropolitano had 404,202 validations a day in mid-2012, two-thirds of the expected ridership that was projected and that was observed in 2016. Figure 8 shows the ratio of total accessibility in 2012 as a function of changes in the percentage of trips to work served by the Metropolitano and the total accessibility in a scenario where 100% of the trips are served by other forms of public transit. As shown below, the combined accessibility gains when 10% of the demand in the treatment area use BRT and 90% use other public transit are marginally higher than the total accessibility in a scenario where collective transit serves all the travel demand of destinations covered by the Metropolitano. In the control area, this is only achieved after replacing travel attributes of 30% the demand of other public transport with the features of the BRT. With a 60% substitution in demand, the accessibility in the treatment group would be 10% higher than the accessibility in the baseline scenario. The additional distance to the system and more limited coverage in the control area may explain these trends as higher costs of accessing the BRT produce losses in accessibility compared with other transit alternatives. Nevertheless, considering the increase in travel costs between 2005 and 2012, and the results observed in Figure 8 , even marginal gains in accessibility in this scenario have a positive effect in comparison to the control group (assuming all transit users in this group used other public transit options). when 10% of the demand in the treatment area use BRT and 90% use other public transit are marginally higher than the total accessibility in a scenario where collective transit serves all the travel demand of destinations covered by the Metropolitano. In the control area, this is only achieved after replacing travel attributes of 30% the demand of other public transport with the features of the BRT. With a 60% substitution in demand, the accessibility in the treatment group would be 10% higher than the accessibility in the baseline scenario. The additional distance to the system and more limited coverage in the control area may explain these trends as higher costs of accessing the BRT produce losses in accessibility compared with other transit alternatives. Nevertheless, considering the increase in travel costs between 2005 and 2012, and the results observed in Figure 8 , even marginal gains in accessibility in this scenario have a positive effect in comparison to the control group (assuming all transit users in this group used other public transit options). Despite that, accessibility in the control groups was 86% of the accessibility in 2004 under a scenario of 100% substitution, this would still be nearly 7% higher than the accessibility if users continued traveling only by other forms of public transit. This is a relevant finding in terms of policy and planning of the system, as it supports the need to increase ridership, the supply of high-quality formal public transit such as the BRT system, and to provide incentives for substitution of trips in traditional forms of transit for trips in the BRT, particularly for those trips directed to destinations in the area of influence of the system. However, the limitations of these benefits are circumscribed to specific areas of the city, and as shown in the employment and land-use analysis, specific types of opportunities.
Discussion and Conclusions
Our analysis explores the underlying components of accessibility to employment related to the development of Lima's Metropolitano system from a social inclusion perspective. In relation to landuse and coverage of opportunities, results suggest that the Metropolitano achieved positive results Despite that, accessibility in the control groups was 86% of the accessibility in 2004 under a scenario of 100% substitution, this would still be nearly 7% higher than the accessibility if users continued traveling only by other forms of public transit. This is a relevant finding in terms of policy and planning of the system, as it supports the need to increase ridership, the supply of high-quality formal public transit such as the BRT system, and to provide incentives for substitution of trips in traditional forms of transit for trips in the BRT, particularly for those trips directed to destinations in the area of influence of the system. However, the limitations of these benefits are circumscribed to specific areas of the city, and as shown in the employment and land-use analysis, specific types of opportunities.
Our analysis explores the underlying components of accessibility to employment related to the development of Lima's Metropolitano system from a social inclusion perspective. In relation to land-use and coverage of opportunities, results suggest that the Metropolitano achieved positive results in relation to physical coverage and improvements in travel conditions within its area of influence with differential effects by socioeconomic group. One of the main considerations in transport policy from a social perspective is the issue of affordability, which the results suggest worsened over time for both SES groups throughout the city. In terms of the BRT area of influence, larger increases in monetary costs were observed for higher SES areas in the treatment group (relative to the control group), while lower SES areas, starting from an already high expenditure base, experienced relatively less increases in the BRT area of influence compared to the control group. The fare structure in 2012, which while integrated within the BRT system itself, was more expensive the other public transit modes and not integrated with these modes. This is likely to have had an increase on total travel costs for public transit users, limiting the ability of the poor to afford travel and possibly exasperating social exclusion. Results from Lima are consistent with literature suggesting regressive effects of BRT systems for the poor by means of social fragmentation and lower affordability [30, 39, 42] .
The layout of the Metropolitano network was planned to serve one of the highest demand corridors of the city, and as such, it naturally coincides with the areas of high concentration of formal opportunities and economically productive land-uses in the city. Thus, the system increases the connectivity of already high-value areas in the city, leading to a self-reinforcing cycle of concentration of opportunities in high-value areas. This trend has been observed with similar experiences in other cities implementing BRT systems, such as in the cases of Bogotá, Mexico City, Johannesburg, and Quito, often with negative consequences for social equity [7] [8] [9] 12, 13, 15, 30] . Traditional transport planning principles underpinning the development of BRT may contribute to the consolidation of already monocentric urban structures and the increase in carrying capacity of public transport in high-demand corridors, that together strengthen patterns of unidirectional travel from the peripheries to the city center and concentrate land values and development in the same areas of the city.
Despite having only one trunk line, the BRT system in Lima provides an extended coverage of the city from north to south and is aligned with a significant share of formal job opportunities in the city. In addition, the system has one of the longest feeder networks in the region, increasing considerably the coverage of the system in areas otherwise served only by paratransit modes that have variable distance-based fares and no physical or fare integration. The comparison between potential accessibility analysis for both the total demand for work trips by public transit and the Metropolitano-only scenario shows the contribution to improved travel conditions the system can provide throughout its area of influence. Moreover, lower SES users, who tend to make longer trips from the periphery, may benefit from the reductions in travel times (of over 23%) in the BRT.
However, the number of low-SES users that can benefit from making those trips seems to represent only a limited share of the demand as the limited coverage of the Metropolitano in zones with high concentrations of poor and extremely poor populations restrict most of its connectivity benefits to middle-and higher-SES residents closer to the BRT infrastructure. The reduced coverage in comparison to other areas in the city in the lowest socio-economic areas is a significant constraint for achieving wider social inclusion. In addition, the marked division between the degree of accessibility provided by the BRT and traditional public transport in the city suggests a disadvantage in travel conditions for users of traditional transit. Such disadvantage is reflected by the aggregated accessibility analysis within constraints of limited ridership at the time of collection of the data.
Given the low ridership reflected by the 2012 OD survey, the Metropolitano seems, up until this point, to have stemmed the tide of an otherwise generalized increase in travel costs for work trips by public transport. This suggests the need for increased integration between mass transit and other forms of public transport to extend benefits in travel time reductions to other destinations in the city. Examples of integrated fare collection and complementary operational designs incorporating mass and collective transport systems in the region such as Bogotá, Santiago, and Cali have shown that increasing coverage can be compatible with a reduction in transfer costs and commuting fares. In the case of Lima, consideration should also be given to differentiated fares for lower-income residents in the city that enable better access at more affordable prices [7] [8] [9] 11, 13, 32] . Recent examples in the literature suggest that alleviating travel costs for longer trips for the poor can enable better physical access a higher disposable income for low-SES users [8, 31, 32] .
Our analysis reflects the impacts on the potential access to formal job opportunities without considering skills matching due to limitations in the availability of information about employment for the analysis. This, in combination with the year of ex-post data, early in the system's implementation, for this analysis, are important limitations of the study that restrict scaling up and the proposal of specific cross-sectorial policies for improving access to employment. These available data reflect an urban spatial and social segregation that produces economic exclusion for those worse-off. In addition, considering the land-use patterns and concentration of formal employment around the Metropolitano, as well as the high number of productive housing, actual job accessibility benefits may be limited to those in higher SES brackets. However, due to the limited data on jobs, the effect of the BRT on firm creation and location of employment centers could not be analyzed within the scope of this paper.
Future research should consider how the BRT systems may affect firms, and thus job locations and the potential role for complementary land-use strategies that support accessibility of opportunities with various skills requirements in lower-SES areas, particularly those not yet covered by the mass transit system. To achieve this, new datasets need to be explored that enable the incorporation of skills matching in accessibility metrics and the estimation of travel demand from different socioeconomic groups, to contrast the main areas where low-SES users need to travel to access jobs with the levels of access the BRT provides to those areas.
The integration of transit infrastructure with the formal-informal continuum, observable in housing, transport supply, and employment in Lima, is needed to enable asset accumulation and access to income-generating opportunities. Essential actions to increase of potential benefits of the BRT for the poor include linking new social housing developments with existing or planned BRT and rail infrastructure, the increasing in the coverage of the network via the integration with no-motorized travel, and incorporating accessibility to informal and unskilled job opportunities into the priorities for of transit investments. In this vein, the creation of dedicated and quality spaces around the stations for informal commerce, relocation of informal activities, and incentives for small firms' development in proximity to the BRT, in line with the concept of TOD, are relatively low-cost actions that can increase the social and economic benefits of the infrastructure investments already in place.
The case of Lima holds valuable lessons for cities facing similar challenges. Scaling up the potential accessibility benefits of the Metropolitano and other corridor-centered urban transport projects in cities in the global south requires not only transport-related interventions, but also integrated policies in the land-use and employment sectors that support access by low-SES populations to the opportunities in the areas that have become more accessible after the implementation of the system. One of the main considerations in transport policy from a social perspective is the issue of affordability. The results of this study also call for the consideration of targeted tariff subsidies for lower income groups to the system. From a policy perspective, it is necessary to acknowledge the potential social value of public transit investments such as BRT, in the context of their integration with the structure of the city and consideration of socially differentiated needs. If access to efficient transit is approached as a social policy, it may be possible to devise new avenues for improving access to the system supported by results such as the ones in the Metropolitano-only scenario. The potential for transport and land-use integration and the complementary operation of paratransit and formal and informal forms of public transport to serve as viable strategies for increasing coverage and accessibility are key areas for future urban policy research and experimentation in searching solutions tailored for global south contexts. 
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